A novel approach to reconstructing both the absorption and the scattering properties of a turbid medium simultaneously from steady-state broadband spectral measurements is presented that utilizes seconddifferential fitting to the water spectrum to estimate the optical path length in tissue. Theoretical and experimental evidence is provided to demonstrate the robust accuracy of the spectroscopy approach and reconstructed absorption images. The steady-state broadband CCD system has the potential to provide accurate chromophore imaging without the technological complexity of time-or frequency-domain systems.
Near-infrared (NIR) imaging has become a promising modality for the study of human tissue because it has the ability to qualify hemoglobin content and oxygenation in spatially resolved images. The major limitation of NIR imaging has always been related to the fact that light experiences many scattering events when passing through tissue, and the collected optical signal is a nonlinear function of both the absorption and the scattering properties of the medium. To fulfill the advantage of NIR imaging, the most challenging problem is to separate absorption and scattering properties, thereby allowing interpretation of the chromophore concentration by use of linear absorbance spectroscopy. In this Letter we report a novel method of reconstructing both absorption and reduced scattering properties in a turbid medium from steady-state boundary data by applying the principles of second-differential spectroscopy to an imaging problem. Here our boundary data are measured by a broadband steady-state full spectral CCD system, and the term steady state is used to distinguish the system from the conventional boundary data type provided by time-domain systems (TDSs) or frequency-domain systems (FDSs).
In the NIR range the diffusion approximation of transport is widely accepted as a practical model in which the distribution of the optical properties within the domain can be determined from measurements of the light distribution through the tissue surface. The uniqueness of this determination has been investigated, 1 and the conclusion has been widely accepted that the solution is not unique when singlewavelength steady-state diffusion-based measurements are used, resulting in an inability to separate local absorption from local scattering values. Recent studies demonstrated that the use of multiple wavelengths in image reconstruction, along with a priori estimates of the spectral features, can potentially solve the problems of having a nonunique solution 2, 3 through a constraint-based implementation in the image reconstruction process. The uniqueness needs to be taken into context with TDS or FDS systems, which are thought to provide a secondary independent measurement that is more uniquely associated with the scattering coeff icient, thereby providing a reliable method of separating these coeff icients. Although the actual image reconstruction is an inevitably ill-posed problem because of limitations in the experimental setup and the numerical approach, least-squares iterative optimization algorithms have shown successful recovery of both absorption and scattering properties. 4 In this Letter a proposed method is reported that relies on broadband spectroscopy but also provides a direct measurement of the optical path length, thereby providing a more robust data set for quantif ication of chromophore concentrations. This approach can be explained by the fact that the differential path length (DP) can consequently be derived from the broadband attenuation spectrum by use of our second-differential spectral analysis (SDSA) method and provides another constraint to solve the inverse problem uniquely, given additional input information about the water concentration of the tissue. Since physically the DP is an equivalent measure of mean optical path length to that of mean f light time by TDS or phase shift by FDS, 5 our approach is essentially consistent with the other two methods.
A diagram of the broadband steady-state CCD-based system is shown in Fig. 1 . The light source is a dcregulated broadband quartz halogen lamp f iltered to generate the NIR source (650-950 nm). The source locations are turned on sequentially and attenuated through the object and collected simultaneously by eight receiver f ibers. The detected signals are horizontally dispersed through a grating in the spectrograph, and the resulting spectra are integrated simultaneously in the CCD camera. The quantitative measurement set from the tissue is the attenuation spectrum between all source and detector pairs.
The DP is defined as the ratio of the differential attenuation to the absorption ͑≠A͞≠m a ͒. The method of SDSA was f irst introduced by Matcher et al., 6 and a Fig. 1 . Left, Diagram of the multichannel broadband full-spectral CCD system. Right, photograph of the system with the f ilter wheels and the source wheel at the left and the source and the spectrometer at the right.
more rigorous derivation was discussed in our previous paper. 7 The attenuation ͑A͒ is determined by the absorption ͑m a ͒ and reduced scattering ͑m s 0 ͒ properties, which are wavelength dependent, so the second derivative of attenuation with respect to wavelength ͑l͒ can be expanded as
It has been found that, with the chromophores present in tissue with a weak wavelength dependence of the scattering coefficient of the tissue, the last three terms are small compared with the first term. Therefore, it is reasonable to make the approximation that
Given that the absorption coeff icient is a linear summation of the concentration of the chromophores ͑C i ͒ multiplied by their known extinction coefficients ͑e i ͒ and dA͞dm a is replaced by DP, Eq. (2) can be further expanded as
where N c is the number of chromophores. In reality, d 2 e i ͞dl 2 are some peaks in some narrow wavelength ranges, whereas DP exhibits weak wavelength dependence; therefore, it is possible to use the zero-order approximation of DP in such a narrow range. Since d 2 A͞dl 2 is the measured response and the right side of Eq. (3) can be regarded as the linear summation of the chromophores' absorption feature ͑d 2 e i ͞dl 2 ͒, when l is discretized in a narrow range, Eq. (3) is a solvable overdetermined linear problem. Hence the coefficients ͑DP C i ͒ can be calculated by use of multilinear regression. Since water has prominent absorption features near 740 and 840 nm, the DP at these features can be calculated by taking the water concentration into account. In practice, because of the presence of noise and cross talk between chromophores, a broader wavelength range is typically chosen to get better f itting results. The fitting ranges are empirically chosen as 700-800 nm for 740 nm and 800-880 nm for 840 nm. Indeed, besides the DP information, SDSA also provides a means to estimate the concentration of other chromophores that have significant features in the second-differential spectrum. The onedimensional analysis we made above can be extended into multiple dimensions by integrating the DP over the imaging domain.
Clearly, when the SDSA method is applied, several assumptions and approximations are made. It is thus interesting to investigate whether the calculated DP from the SDSA method has good agreement with the actual DP and whether absorption and reduced scattering properties can be successfully recovered with this calculated DP and the measured attenuation. To look into this question we completed a series of simulations. The attenuation spectra were generated by the diffusion-approximation-based forward model. The DP was calculated by application of the SDSA method to the noise-added attenuation spectra data, and the actual DP was calculated by the forward model as well. The agreement of the calculated and the actual DP was examined in various situations. The details can be found in Ref. 7 . In most cases the difference was within a few percent and was insensitive to position, chromophore composition, or the scattering coeff icient of the medium as long as the water was distributed homogeneously within the medium. If water is inhomogeneously distributed, a water map [acquired by magnetic resonance imaging (MRI)] can be used to model the problem. A detailed discussion of the water heterogeneity also was presented elsewhere. 7 However, the assumption of homogeneous water distribution seems reasonable in our specif ic application of rat brain studies 8 ; therefore our focus is narrowed to the situation with a homogeneous water distribution.
Well-controlled phantom studies were completed to examine the question of whether m a and m s 0 could be successfully recovered with our measurements. Starting with the simplest and most predictable model, we examined the performance of our approach in the homogeneous infinite medium. A diffusing phantom with Intralipid and blood in water was used and contained in a cylindrical tank big enough to act as an infinite medium. The absorption was considered as the contribution of water and HbO 2 , since enough oxygen was provided. Two 1-mm fibers were used as the source and the detector. The source-detector distance ͑r͒ was varied by use of a translation stage with digital readout (accuracy, ϳ0.1 mm). The multiple-distance method was used to f it the m a and m s 0 values at 740 and 840 nm from the measured A͑r͒ and DP͑r͒ curves. The experiment was designed to start with an Intralipid solution with a concentration of 0.5% that was gradually increased to 1.0%, then in the second stage the Intralipid was kept constant and the HbO 2 concentration was increased gradually from 0 to 20 mM. The calculated and the expected values are plotted and compared in Fig. 2 . The recovered m a agreed within 5% difference (and more consistent to a bias offset) with predicted values from the literature, 9,10 and the recovered m s 0 were within 5% of the expected values 11 if a 12% scaling factor was incorporated to account for the Intralipid batch difference. It is important to note that the absolute HbO 2 and Hb content thus can be estimated based on the absorption at 740 and 840 nm.
The signif icance of our presented method is the application of the multichannel full spectral CCD system in optical tomography studies. To examine further the performance in the typical imaging application, we tested our system on cylindrical phantoms with different absorption or scattering heterogeneities inside. Those phantoms were mixtures of ink, TiO 2 , and gelatin with 85% water. Absorption and scattering properties were adjusted by varying the ink or TiO 2 content. A field emission microscopy-based image reconstruction program was used to map the DP to the phase shift in frequency domain. An example of desired images and reconstructed images of a scatter heterogeneity phantom is shown at the left of Fig. 3 , and cross-section plots of three representative phantoms are shown at the right. The reconstructed peak values are within 10% of the target values for all cases shown. The method was then applied in a rat cranium imaging study. An example of tomography imaging of the rat head during hypoxia is shown in Fig. 4 . The MRI images were acquired, together with the optical measurement to show the location of the brain and fibers in the image. In this case the absorption values in the brain were as expected, and these results represent what is believed to be the f irst in vivo implementation of this technological approach to NIR tomography.
The significance of this work is important for the field of NIR tomography, in that the cost and engineering involved in TDS and FDS system development and calibration is very high. The costs and calibration requirements of second-differential spectral tomography systems may become less as this technology matures, and the present method is clearly simpler than the TDS or FDS approaches. In any case, this report presents what is believed to be the f irst demonstration of the use of full spectral measurements to image hemoglobin and oxygen hemoglobin in tissue with the seconddifferential spectral-analysis approach.
